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Abstract The conductivity of the ionosphere is extremely important in geophysical processes and plays a
critical role in magnetosphere-ionosphere-thermosphere coupling. Understanding its nature is essential to
understand the physics of ionospheric electrodynamics. Earth’s magnetic field, which varies greatly in
geological time scales, is among the main variables involved in ionospheric conductivity. The present field can
be approximated by a magnetic dipole that accounts for ~80% of the magnetic field at the Earth’s surface, plus
multipolar components making up the remaining ~20%. During a polarity transition the field magnitude
diminishes to about 10% of its normal value at the expense, most likely, of decreasing the dipolar component
and becoming mostly multipolar in nature. The effects of geomagnetic field variations on the spatial structure
of Hall and Pedersen conductances are analyzed in the present work considering some possible reversal
scenarios. The spatial structure of both conductances changes significantly with sharp spatial gradients. The
conductivity peak heights also change, moving to upper heights as expected for weaker field configurations.

1. Introduction

Paleomagnetic measurements show that the Earth’s magnetic field varies greatly, with the most drastic
changes being polarity reversals that take place on average every ~200,000 years. The duration of the transi-
tion period leading to a polarity reversal is a few thousand years (~1,000-8,000 years) (Clement, 2004).

At present-day the Earth’s magnetic field can be approximated by a geocentric magnetic dipole with its axis
tilted about 11° with respect to the Earth rotation axis (Amit & Olson, 2008). This dipole accounts for ~80% of
the magnetic field of the Earth’s surface, while the remaining ~20% is made up by nondipolar components
(Merrill et al., 1998).

Although the understanding of geomagnetic reversals has improved considerably over the years with
paleomagnetic studies and geodynamo simulations, its properties, which involve the uncertainty about
the dominance of a dipolar or multipolar configuration during a polarity transition, are still under discussion
(Jacobs, 1994; Valet et al,, 2012; Valet & Fournier, 2016). The main characteristic is that the axial dipole
vanishes during a reversal when the dipole axis crosses the equator. Amit et al. (2010) summarized several
scenarios for a reversal, of which two extremes for the dipolar component are a dipole collapse and a dipole
rotation from one hemisphere to the other. In this last case, only the axial dipole would vanish by transferring
its energy to the equatorial components. Regarding the nondipolar field, Amit et al. (2010) consider three
main possibilities. It may (1) decrease and recover in phase with the dipole collapse, (2) remain unchanged,
or (3) grow throughout the reversal possibly due to energy transfer from the dipole, or dynamo
configurations favoring the generation of a nondipolar field.

Glassmeier, Soffel, et al. (2009), using large-scale geodynamo simulations, indicate that multipoles of higher
order than the dipole are likely to prevail in the Earth’s core field during a polarity transition. In addition,
observational evidence for the transition field scenario characterized by a reduced dipole moment and
significant to dominant higher-order multipoles was provided by Leonhardt and Fabian (2007) in a study
of the Matuyama-Brunhes reversal based on high-quality paleomagnetic records. Leonhardt et al. (2009)
contrasted this transition field configuration with results for the Laschamp excursion.

There are many environmental properties that depend on the Earth’s magnetic field. One is the flux of high-
energy particles entering the Earth’s upper and middle atmosphere which is shielded by the geomagnetic
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field. During polarity reversals the magnetospheric shielding would be far lower than normal (Glassmeier,
Richter, et al., 2009; Olson et al., 2011). The shape and size of the magnetosphere also depends strongly on
this field (Glassmeier et al., 2004; Rishbeth, 1985; Siscoe & Chen, 1975; Zieger et al., 2006).

Geomagnetic polarity transition fields with reduced or even zero dipolar contributions and dominant
higher-order multipoles have received a lot of attention in the literature already with several works on
nondipolar ionospheres and magnetospheres. The first nondipolar contributions are the quadrupole terms
of the spherical harmonics expansion of the Earth’s magnetic field and have already been addressed by
several authors, for example, by Rishbeth (1985) in a study on the quadrupolar ionosphere, Siscoe and
Crooker (1976) who investigated the location of auroral zones, Biernat et al. (1985) as well as Leubner
and Zollner (1985) presenting analytical magnetospheric models, Vogt and Glassmeier (2000) who studied
the topology of the radiation belts and the ring current, and Vogt et al. (2004, 2007) who investigated
quadrupolar and mixed dipole-quadrupole paleomagnetospheres using magnetohydrodynamic simulations
and analytical models.

Among the ionospheric characteristics affected by secular changes in the geomagnetic field are the peak
electron density and the corresponding peak height. Several authors analyzed these effects (Cnossen,
2014; Cnossen & Richmond, 2008; Elias, 2009; Elias & Ortiz de Adler, 2006; Yue et al., 2008) searching
for an explanation for observed long-term trends at several worldwide ionospheric stations which
did not match the expected trends from the increasing concentration of greenhouse gases (Roble &
Dickinson, 1989).

Another feature of the ionosphere sensitive to Earth’s magnetic field variations is its conductivity that
is important in many geophysical processes, playing a critical role in magnetosphere-ionosphere-
thermosphere coupling processes. The importance of conductivity to geophysical processes is noticeable
from the number of models that need the ionospheric conductivity as an input (McGranaghan, 2016;
Rasmussen et al., 1988). In addition, understanding the nature of ionospheric conductivity is essential in order
to understand the physics of ionospheric electrodynamics (Richmond & Thayer, 2000). The equations of Hall
and Pedersen conductivities depend on the magnitude of the magnetic field through its influence on the ion
and electron gyrofrequencies. Magnetic field variations should therefore strongly affect ionospheric
conductivity and conductance.

Some studies obtained the Pedersen and Hall conductances parameterized in terms of the geomagnetic field
or the dipole moment (Glassmeier et al., 2004; Richmond, 1995; Takeda, 1996; Zieger et al., 2006). Rishbeth
(1985), considering a purely quadrupolar geomagnetic field during a polarity reversal, analyzed the iono-
spheric conductance value in terms of an increase and also a decrease of the total field intensity but without
considering the effects over the spatial pattern. Notice that a quadrupolar field implies not only changes in
the field intensity but also significant changes in its spatial distribution.

Cnossen et al. (2011) were the first to analyze the changes in spatial structure due to magnetic field changes
using the Coupled Magnetosphere-lonosphere-Thermosphere model. They considered the Earth’s internal
magnetic field as a centered dipole and performed two simulations referred as a “strong dipole” of strength
8.00 x 1022 A m? (close to the present-day value), and a “weak dipole” set to 6.00 x 10°2 A m2. They assessed
the Hall and Pedersen field-line-integrated conductivity patterns averaged over 13-15 UT and averaged over
the Northern and Southern Hemispheres. The greatest variations were observed on the dayside, being the
Hall conductance ~60%-65% larger for the weak dipole than for the strong dipole and ~50%-60% larger
in the case of the Pedersen conductance. In a later work by Cnossen et al. (2012), a larger range of dipole
moments was considered together with different solar activity level conditions, showing in this case the
global mean conductance. Cnossen and Richmond (2012), with the same model, analyzed the variation of
Hall and Pedersen conductances integrated over high magnetic latitudes, due to changes in the dipole tilt
angle between 0 and 60°. Their results show that these conductances are larger when the magnetic pole
of the hemisphere in question is tilted more toward the Sun.

Three elements are essential for determining ionospheric conductivity: plasma density, geomagnetic field
strength, and the frequency at which charged particles collide with other atmospheric constituents.
Consequently, there is an important change with daytime and with the solar cycle. In the auroral zone, there
is in addition great variability due to auroral ionization by precipitating energetic particles (Richmond &
Thayer, 2000).
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Figure 1. Spatial structure of the intensity of Earth’s magnetic field, B (nT), obtained from International Geomagnetic
Reference Field for 2008 (a) while keeping constant the multipolar field contribution, (b) 50% decrease of dipolar
components, and (c) null dipolar components. Note the different scales.

In the present work the spatial structures of Hall and Pedersen conductances are analyzed in terms of geo-
magnetic field variations, considering first a transition from the present to a nondipolar configuration. The
latter consists of a null dipolar component, while maintaining the present multipolar field contribution.
Three other end member scenarios for a reversal summarized by Amit et al. (2010) were also considered.
The model and procedure used here to obtain conductances, although not as complex as models with mag-
netohydrodynamic considerations, allows manipulating the Earth’s magnetic field in a simple way in order to
understand the effects of its secular variation over different characteristics of ionospheric conductivity and
conductance. This would be an advantage over most Earth system models which are generally extremely
complex due to the complexity of the system itself and act as “black boxes” limiting a deep understanding
of the studied process (Nof, 2008; Polvani et al., 2017).

2. Methodology
2.1. Basic Equations
Pedersen and Hall conductances, Y7 and 3, are the height-integrated conductivities given by

21 = I"* dz 1)
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Figure 2. Spatial structure of the intensity of Earth’s magnetic field, B (nT), obtained from International Geomagnetic
Reference Field for 2008, considering (a) axial dipole collapse, (b) dipole rotation where axial dipole energy is transferred
to the equatorial dipole, and (c) energy cascade where dipolar energy is transferred to the quadrupolar and octupolar
terms. Note the different scales.

Z2

S

where ¢, and o, correspond to Hall and Pedersen conductivities, and z; and z, are the bottom and top of the
ionosphere, respectively.

Conductivities are given by Moen and Brekke (1990), Rishbeth and Garriott (1969), and Takeda and
Araki (1985)
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where subscripts e and i stand for electron and ions, respectively, N, is the electron density, m the mass, e
the electron charge, v the collision frequency, @ = eB/m the gyrofrequency, B the Earth’s magnetic field
intensity, and f the relative density of each ion species. Plasma neutrality and single positive charged
ion species are assumed.
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Figure 3. Pedersen ionospheric conductance, 1 (S), considering Earth’s magnetic field obtained from International
Geomagnetic Reference Field for 2008 (a) while keeping constant the multipolar field contribution, (b) 50% decrease

of dipolar components, and (c) null dipolar components. Electron density and neutral parameters were kept constant for
3 January (quiet day) and 12 LT conditions. Note the different scales.

Collision frequencies of electrons and ions are given by
Ve = Ven + Vei (5)
Vi = Vin + Vie (6)

where v, and vg; are the electron-neutral and electron-ion collision frequencies, respectively, and the same
applies to ion collision frequencies. In the ionosphere at heights where the conductivity is significant ven » Ve
and vin » Vie, SO Ve = Ven and v; = vy, is in general assumed. Taking into account the decrease in Earth’s
magnetic field here analyzed, and the consequent lift of the conducting layer, v; = v, is still valid but not
in the case of electrons. So we considered v, = vepn + Vei but still assumed v; = vj,,.

Collision frequencies, in s~', for each type of collision, were calculated from the equations used by the
Thermosphere-lonosphere Electrodynamic General Circulation Model (High Altitude Observatory, 2017;
Schunk & Nagy, 2009).

To clarify why the conductivity depends on the magnetic field, we provide below a brief explanation. In any
conducting medium, for example, a metallic conductor or plasma as it is the case of the ionosphere the

ZOSSI ET AL.

2383



~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1002/2017JA024925

s, 8]

8000
7000
6000
5000
4000
3000
2000
1000

5, 8]

Figure 4. As in Figure 3 for Hall conductance.

conductivity o is a tensor which relates an electric current density J to an applied electric field E through the
Ohm's law.

J=0oE 7)

In the absence of a magnetic field, for spatially isotropic media, this tensor is diagonal with elements that are
all equal and whose nature is determined at the microscopic level of the system. The presence of a magnetic
field makes the conductivity an anisotropic quantity even for an isotropic material. Equation (7) becomes in
this case

J=0(E+VxB)=0cF (8)

known as the generalized Ohm'’s law, where in the case of the ionosphere V is the neutrals’ velocity at which
charged particles are dragged, and E’ is the effective electric field.

Considering E with components (E,, E,, and E,) and B along the z direction and adding ions’ and electrons’
equation of motions in the ionosphere (see, e.g., Rishbeth & Garriott, 1969; Schunk & Nagy, 2009), equation (8)
can be written as

o1 —0) 0 EX—VnyB
, BxE
J= o) g1 0 EX+VnyB :O-]EJ_+0-2
0 0 o E,

!

+ ook, 9)
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Figure 5. Pedersen ionospheric conductance, 1 (S), considering Earth’s magnetic field obtained from International
Geomagnetic Reference Field for 2008, considering (a) axial dipole collapse (note conductance peak ~2500S at ~75°N,
~170°E), (b) dipole rotation, and (c) energy cascade. Electron density and neutral parameters were kept constant for
January 3 (quiet day) and 12 LT conditions. Note the different scales.

where ¢ and o, are the Pedersen and Hall conductivities, respectively, given by equations (3) and (4),
oriented perpendicular to the background magnetic field. o, is called the parallel conductivity oriented
along the magnetic field line and corresponds to the classical conductivity in the absence of magnetic
field. £/, is the component of E' perpendicular to B, and E, is the component of E along B. Note from
equation (9) that the total conductivity is actually a tensor.

2.2, Calculation Setup

The spatial structure of Pedersen and Hall conductances was assessed on a grid with 5° latitude and 10° long-
itude resolution, for 12 LT, during a quiet solstice day (3 January) of a solar minimum epoch (year 2008), for
different Earth’s magnetic field conditions described in section 2.3.

Equations (1) and (2) were numerically integrated using the trapezoid rule with a simple computer model,
that is,

Lzodz= ZM“ (10)
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Figure 6. As in Figure 5 but for Hall conductance (In (a) note conductance peak ~4,200 S at ~75°N, ~170°E).
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Figure 7. Pedersen (black) and Hall (red) conductances, "1 and > "5 (S), as functions of B (nT), calculated for 20°N, 160°W,
for a 3,000-65,000 nT field intensity range.
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Figure 8. Height of maximum Perdersen conductivity (km) considering Earth’s magnetic field obtained from International
Geomagnetic Reference Field for 2008 (a) while keeping constant the multipolar field contribution for (b) 50% decrease
of dipolar components and for (c) null dipolar components. Electron density and neutral parameters were kept constant
for 3 January (quiet day) and 12 LT conditions. Note the different scales.

where z; and z, were set to 80 and 400 km, respectively, and Az to 5 km (smaller height steps do not change
significantly our results).

The ion species considered for conductivities assessment are the three most abundant at the height range
80-400 km, that is, nitric oxide (NO*), atomic oxygen (O"), and molecular oxygen (O,"). lons and electrons
were assumed to collide with O,, O, and N, that are the most abundant neutral components at the heights
here involved. The parameters needed to assess the different collision frequencies are the temperatures of
electrons and ions, T, and T;, the neutral concentrations of O,, O, and N, that is No,, No and Ny, respectively,
and N.. T,, T; N, and f; for each ion species were obtained from the International Reference lonosphere, IRI-
2012, (Bilitza et al., 2014), and No, Nn2, and N, from the NRLMSISE-00 empirical atmospheric model (Picone
et al, 2002).

Auroral ionization will not be considered although at high-latitude conductivities are often dominated by this
ionization source, especially at night (Richmond, 2011).

2.3. Earth’s Magnetic Field Configurations

The International Geomagnetic Reference Field, IGRF (version 12), model was used to specify the magnetic
field for present conditions (Thebault et al., 2015). The decreased configurations were obtained from the
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Figure 9. As in Figure 8 for the height of maximum Hall conductivity.

same model modifying the dipolar intensity in the following way. IGRF calculates the geomagnetic field B in
terms of the magnetic scalar potential V by B = —VV, which is approximated by the series

Vi, pt)=ay > 3" (?) " g7 (£) cos(me) + KT (€) sin(me) ] P cos0) ) (1)

where a = 6,371.2 km is the Earth’s mean reference spherical radius, r the radial distance from the center of
the Earth, 0 the geocentric colatitude, ¢ the east longitude, P,"(cosd) the Schimdt quasi-normalized
associated Legendre functions of degree n and order m, and g, and h,” the Gauss coefficients which are
functions of time t. The field was modified first by gradually decreasing the coefficients of the dipolar
component, that is, those corresponding to n = 1 (9:% g1, and h;") keeping unchanged the higher-order
multipolar coefficients.

Figure 1 shows three field instances: the current situation, an intermediate stage where the dipole compo-
nent was decreased by 50% of its current value, and the final stage consisting of a purely multipolar config-
uration, that is, g1°, gi 1 and h;' set to zero.

Three other end member scenarios for the reversal summarized by Amit et al. (2010) were also considered: an
axial dipole collapse where the axial dipolar component is set to zero while maintaining the equatorial com-
ponents constant (i.e, only setting g;° = 0), a dipole rotation where the energy of the axial component is
transferred to the equatorial components proportional to their original energies (i.e., setting g;° = 0 and
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increasing g; ' and h;"), and a third scenario consisting of an energy cascade where the energy of the dipolar
components is transferred to the quadrupolar and octupolar components also proportional to the original
energy of each degree and order (ie,, setting g:° g:', and h;' to zero and increasing the next 12 Gauss
coefficients which correspond to the five quadrupolar and the seven octupolar terms).

Figure 2 shows these three field intensity spatial variations. Note that the dipole rotation scenario (Figure 2b)
is incompatible with a decrease of up to ~10% in the geomagnetic field intensity during a reversal (Leonhardt
& Fabian, 2007). In contrast, in some numerical dynamo models the equatorial dipole increases during a
reversal, suggestive of some contribution of dipole rotation (Olson et al., 2009). In the third reversal scenario
it is also possible that the dipole energy is distributed to all multipolar components. However, as the degree
increases, the energy decreases significantly with respect to that of lower degrees since the energy is propor-
tional to the square of the degree.

In case of a simultaneous collapse of all degrees and orders of the geomagnetic field, the ionosphere,
assuming it will remain, would be isotropic with a scalar conductivity independent of the magnetic field.

3. Results
3.1. Spatial Variability of the Conductances and Height of Maximum Conductivity

The spatial variations of > and ), are depicted in Figures 3 and 4 for the field configurations shown in
Figure 1, and in Figures 5 and 6 for the configurations shown in Figure 2. Except for the dipole rotation sce-
nario (Figure 2b), a clear increase in magnitude is observed in all the other cases, especially over the regions
of weakest magnetic field, as expected from the conductivity dependence on B, which is further illustrated in
Figure 7. Here as an example, > 1 and >, are depicted in terms of B varying from 3,000 nT to 65,000 nT for a
given location. An emergence of small scales in Figures 3 and 4 that implies an increase in the spatial gradient
in those areas is also observed. This is a direct consequence of the “hyperbolic” dependence of 3 on B,
clearly seen in Figure 7, which means a steeper increase in > for weaker values of B.

Note that there is a qualitative agreement between the patterns of the two conductances, considering the
gradual decrease in the dipolar component (Figure 1), with peaks going from South America (full field) to
South of Africa (50% of the dipolar component) to north equatorial Pacific (no dipolar component).

In the dipole rotation scenario (Figure 2b) the absence of increased conductances is because the magnetic
field at the Earth surface is nowhere weaker than the minimum value of the present field (note the scales
in Figures 1a and 2b). This is due to at regions where at present the resulting vector of the dipolar and multi-
polar field components results in lower values, for this particular reversal scenario, it results in equal or
higher ones.

We turn now to the conductivities’ height profile. The peak height of ¢, occurs at the level where v; = eB/m;,
which with the present field configuration occurs at ~120 km. o, reaches a maximum in the E region that is
~110 km, since its peak value is more closely related to the peak of the electron density profile. The height of
maximum conductivity in the ionosphere then is more sensitive to changes in B for Pedersen than for Hall
conductivity. Figures 8 and 9 show the height of maximum conductivity level for the different magnetic fields
of Figure 1. A clear uplift of the conducting layer can be noticed in g, as expected from a decrease in B. The
conducting layer moves then to heights of greater electron density, eventually reaching the F2 peak (height
of greatest electron density in the ionosphere), which also acts to increase the conductivity value. In the case
of o, an uplift is also noticed but lower than in 6; due to; as already mentioned, 6, peak value depends more
on the height of maximum electron density.

Figures 10 and 11 show the height of maximum conductivity level for the different reversal scenarios of
Figure 2. Here again in the case of the increased equatorial dipole we have a particular situation, that is, an
uplift of the conducting layer at the North Pole, due to a weaker magnetic field than the present one in
the corresponding region plus the nighttime effect, which is explained in section 5.

3.2. Main Conducting lons

The dominant ions in the lower ionosphere, particularly in the E region where the conductivity is greater, are
NO*, 0,*, and O*, with NO™ being the most abundant between ~100 km and ~150 km. During the actual
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Figure 10. Height of maximum Perdersen conductivity (km) considering Earth’s magnetic field obtained from International
Geomagnetic Reference Field for 2008, considering (a) axial dipole collapse, (b) dipole rotation, and (c) energy cascade.
Electron density and neutral parameters were kept constant for 3 January (quiet day) and 12 LT conditions. Note the
different scales.

magnetic field configuration, when the peak height of ¢, and ¢, occurs within this height range, the main
conducting ion is then NO™.

However, for a decreased field configuration, the conductivity reaches a maximum at higher levels, and in
small regions, it can reach 200 km, and higher, where ~80% of the ions are O*. As an example, Figure 12
shows the height profile of the different contributions to o, (electrons and each of the three ions considered)
for a point where the magnetic field decreases from ~33,000 nT to ~500 nT when the dipolar component is
set to zero and where the Pedersen conductivity peaks at ~220 km where the main contribution to o; comes
from atomic oxygen ions.

At locations where conductivity are maximal at heights lower than ~200 km, which happens at most of the
globe, the conductivities’ profile remain similar, with NO* being the main conducting ion as it is the case of
the present field. Such is the case at 20°S, 50°W, that is the present-day location of the South Atlantic
Anomaly, (Aubert, 2015; Finlay et al., 2010; Terra-Nova et al., 2017) where the conductance peaks with the full
field (Figures 3a and 4a). However, the peak conductances drift away from this point (Figures 3 and 4) when
the dipole intensity decreases and the field intensity minimum drifts (Figure 1). In our other reversal scenarios
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Figure 11. As in Figure 10 for the height of maximum Hall conductivity.

(Figure 2) the peak conductances appear in Europe (Figures 5a and 6a) for axial dipole collapse (Figure 2a),
Africa (Figures 5b and 6b) for dipole rotation (Figure 2b), and north equatorial Pacific (Figures 5c and 6c)
for energy cascade (Figure 2c).

4. Scaling Relations

In general, scaling relations provide links between variables and are assumed to take a simple power law
form. In paleomagnetism, scaling relations were derived associating magnetospheric and ionospheric char-
acteristics to the Earth’s dipolar moment magnitude, M, under the hypothesis of “self-similarity,” that is no
change in the shape of the magnetosphere and ionosphere for different values of M (Cnossen et al., 2011,
2012; Glassmeier et al., 2004; Siscoe & Chen, 1975; Vogt & Glassmeier, 2001).

To deduce the scaling relations for ionospheric conductances and in order to obtain self-similar conditions
while decreasing the Earth’s magnetic field, we assessed again )7 and )", but considering now a purely
dipolar magnetic field with a centered axis coincident with the Earth rotation axis. That is, we set to zero
all Gauss coefficient except that corresponding to the centered dipole aligned with the rotation axis, g;°.
Figure 13 shows as an example >_; for two different purely dipolar magnetic field values.
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Figure 12. Pedersen conductivity (S/m) profile (black line) at 20°N, 160°W, and conductivities due to electrons (blue line),
NO™ (green), 0" (red), and 05" (magenta), for 2008 (a) geomagnetic field and (b) only multipolar geomagnetic field.

Figure 14 shows the global averaged > ; and Y 5, > g1, and ) G, respectively, for 12 LT in terms of M,
with scaling relations given by

—1.45

E p_ M (12)
—1.40

E o M (13)

In a rough analysis the following considerations can be made. For a decrease in the dipolar moment which
means a decrease in B, Pedersen conductivity height profile moves to higher altitudes maintaining its shape
while Hall conductivity profile maintains the same peak height level but becomes wider. This means that in
addition to the expected increase in conductances due to a decrease in B, an additional increase should be
added due to N, increase in the case of Pedersen conductivity (the peak moves closer to the ionosphere F
layer peak), and due to an increase in the layer thickness Ah in the case of Hall conductivity, this last reasoning
already made by Glassmeier et al. (2004). These effects were estimated obtaining N, at the corresponding
peak heights of ¢, for decreasing M values together with Ah estimated as (h, — h;) where h, and h; are the
heights with v, = w, and v; = w;, respectively. If we assume also scaling relations for the values of N, at the
level of maximum o, and Ah in the case of o, these give N, < M~922 and Ah « M%7, Considering that in
addition, both conductivities increase with B~", this would result in S g; < M~ "2 and Sg, x M™%,
Although these exponents do not coincide with those given in equations (12) and (13) they are a
rough approximation.

Relaxing the assumption of self-similarity, we estimated also the scaling relations considering the dipolar and
multipolar components of the magnetic field and estimating M as the total magnetic moment:

13 n 2

M= N (1) (g7) + (hr)? (14)

ar n=1 m=0

In this case we obtained g1 <M~ "% and Y g, « M™%,
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Figure 13. Pedersen ionospheric conductance, Y4 (S), considering an Earth’s magnetic field corresponding to a centered
dipole aligned with the rotation axis for International Geomagnetic Reference Field 910 value (a) in 2008 and (b) reduced
to 50%.

The exponent values obtained for a dipolar field are similar to those obtained by Cnossen et al. (2012), who
for a similar solar activity level obtained $7; « M™% and 3", « M~ "*°, Glassmeier et al. (2004) obtained
21 «M "and 3, « M~ 133 They considered a pure dipolar field, a Pedersen conductivity profile shape that
does not change significantly but with its peak moving to higher altitudes and a Hall conductivity layer which
becomes thicker for weaker fields. The small value of the scaling exponent in the case of 3 ; is due to
they consider a Chapman layer with a maximum electron density at 120 km. So when the Pedersen conduc-
tivity profile peaks at higher altitudes it encounters lower electron concentrations, which is not the real

100 T T T T T T

80 f |
60 ,
40+ 1
20t i

0

Global mean conductance

1 2 3 4 5 6 7 8
Magnetic moment x10%2

Figure 14. Global averaged Pedersen (black) and Hall (red) conductances (S) for 12 LT as functions of the dipolar moment
M (in Am?) decreasing from its 2008 value to 25%, 50%, and 75%.
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Figure 15. Local scaling exponents obtained as the slope of regressions log(} 1) versus log(M) and log(}"5) versus log(M).
Note that conductances vary with location but M remains constant.

situation. Cnossen et al. (2011), with the Coupled Magnetosphere-lonosphere-Thermosphere model inferred
S« M2 and Y0, « M, which are stronger relations than assumed in previous studies.

We have also estimated “local” scaling exponents, shown in Figure 15, where Y "; and >, vary with location
but M remains constant. The results are practically the same if instead of M we consider the local B. This would
not be the case if we consider the magnetic field including multipolar components. The scaling exponents
vary almost zonally since the reason for this variation is the variables, other than B, that determine conduc-
tances, which present seasonality and other variation patterns which are canceled in the averaging process
to obtain global values.

5. Discussion and Conclusions

The spatial structure of the Pedersen and Hall ionospheric conductances changes significantly with geomag-
netic field for decreasing dipole moment and different field configurations. Conductivity profiles and the
height at which conductivity peaks also change. In addition, an increase is observed in spatial gradients as
a consequence of an overall hyperbolic dependence of conductances with B combined with an approach
to weaker B values. In the case of dipole rotation where the gradient of the magnetic field at the Earth surface
is similar to that of the present field, there is still a significant change in the spatial structure. Note that con-
ductances are maximal at regions close to the magnetic equator where B is weaker, which in this case runs
more closely oscillating around a meridian (~10°E).

The spatial gradient variation would directly affect electrojet intensities and field-aligned currents that
influence magnetosphere coupling processes. In fact, magnetic field-aligned currents are given by J| = div
(>°1 B + div (35 (k x E), where E is the electric field vector and k the unit vector pointing downward.
Here it is clearly seen the dependence on the spatial gradient of Pedersen and Hall conductances (Kelley,
2009). The whole current system in the E layer would be affected not only in magnitude but also in pattern,
which would be an extremely interesting estimate to make, of which there is already some backgrounds
(Le Sager & Huang, 2002). However, conductances are only one ingredient of the current system. The
dynamics of the system and the current strengths in the case of auroral currents are subject to further factors
such as magnetospheric size and coupling efficiency which also depend on the Earth’s magnetic field.
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Figure 16. Pedersen conductivity (S/m) profile (black line) at 80°N, 10°W, and conductivities due to electrons (blue line),
NO* (green), o* (red), and 02+ (magenta), for 2008 geomagnetic field with dipolar components decreased by 50%.

It is noteworthy that the peak height of Pedersen conductivity presents the greatest values at ~80°N in the
cases shown in Figures 8b and 8¢, which correspond to a dipole weaker than the present one, and in the
three cases shown in Figure 10. This is because during January, at these high northern latitudes there are
24 h of night. At night, Pedersen conductivity can be maximum in the F region, becoming larger than both
Pedersen and Hall conductivities of the E region (Takeda & Araki, 1985). This effect is enhanced for weaker
magnetic fields as can be noticed in Figure 16, which shows o profile at 80°N, for a geomagnetic field with
its dipolar components decreased by 50% (that corresponds to the configuration of Figure 8b). As in
Figure 12, Figure 16 shows the different contributions to o7 and the total o, in black for which the maximum
is clearly at ~200 km that is in the F region. Due to the magnetic equator runs almost through the geographic
poles in the case of the dipole rotation, the magnetic field results weaker at this location. So even though it is
not lower than the weakest field in the present configuration, it is weaker than the present field at the
corresponding location.

Something to consider and analyze is that although the formulas for Pedersen and Hall conductivities contain
only the magnetic field magnitude, the direction of the local magnetic field vector comes into play through
secondary effects such as polarization electric fields. For example, the effective conductivity at the magnetic
equator is the Cowling conductivity combining Pedersen and Hall conductivities. So as mentioned previously
with regard to the conductances spatial gradient, this would directly affect the current system in the E layer.

Another main point related to the direction of the magnetic field is that it is particularly important for cou-
pling processes as it defines the global topology of field lines and thus controls how magnetospheric currents
and electric fields can couple to ionospheric dynamics. In the present-day magnetosphere, the strongest
interaction is in the auroral zone not only due to the nearly vertical direction of field lines at high latitudes
but mostly because remote plasma regions (magnetopause and magnetotail) are connected to the auroral
ionosphere in the dipolar magnetic field topology. With higher-order multipoles becoming more important,
interactions are expected to be more local.
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